Populations of an organism living in marked geographical or evolutionary isolation from other populations of the same species are often termed subspecies and expected to show some degree of genetic distinctiveness. The common chimpanzee (Pan troglodytes) is currently described as four geographically delimited subspecies: the western (P. t. verus), the nigerian-cameroonian (P. t. ellioti), the central (P. t. troglodytes) and the eastern (P. t. schweinfurthii) chimpanzees. Although these taxa would be expected to be reciprocally monophyletic, studies have not always consistently resolved the central and eastern chimpanzee taxa. Most studies, however, used data from individuals of unknown or approximate geographic provenance. Thus, genetic data from samples of known origin may shed light on the evolutionary relationship of these subspecies. We generated microsatellite genotypes from noninvasively collected fecal samples of 185 central chimpanzees that were sampled across large parts of their range and analyzed them together with 283 published eastern chimpanzee genotypes from known localities. We observed a clear signal of isolation by distance across both subspecies. Further, we found that a large proportion of comparisons between groups taken from the same subspecies showed higher genetic differentiation than the least differentiated between-subspecies comparison. This proportion decreased substantially when we simulated a more clumped sampling scheme by including fewer groups. Our results support the general concept that the distribution of the sampled individuals can dramatically affect the inference of genetic population structure. With regard to chimpanzees, our results emphasize the close relationship of equatorial chimpanzees from central and eastern equatorial Africa and the difficult nature of subspecies definitions. Am J Phys Anthropol 156: 181-191,
INTRODUCTION
Understanding the distribution of genetic variation within an endangered species such as the common chimpanzee, Pan troglodytes, is crucial for elucidating its evolutionary history (Morin et al., 1994; Stone et al., 2002; Gonder et al., 2006; Becquet et al., 2007) , especially because there is an almost complete absence of a fossil record (McBrearty and Jablonski, 2005) . In addition, knowledge of population relationships might also facilitate the use of the limited resources available for conservation efforts (Schonewald-Cox et al., 1983; Avise, 1996) and help in guiding breeding programs of chimpanzees kept in captivity (reviewed in Witzenberger and Hochkirch, 2011; Hvilsom et al., 2013) .
Arguing on the basis of morphological or genetic evidence and consideration of geographic distribution, researchers have separated Pan troglodytes into three different subspecies: the western chimpanzee (P. t. verus), the central chimpanzee (P. t. troglodytes), and the eastern chimpanzee (P. t. schweinfurthii) (e.g. Hill, 1969; Morin et al., 1994; Groves, 2001; Becquet et al., 2007) . Later, the existence of a fourth subspecies, the NigerianCameroonian chimpanzee, P. t. ellioti (Oates et al., Additional Supporting Information may be found in the online version of this article.
Abbreviations: HWE, Hardy-Weinberg equilibrium; IBD, isolation by distance; LD, linkage disequilibrium; MCP, minimum convex polygon; 2009), originally termed P. t. vellerosus, was suggested (Gonder et al., 1997) . The validity of that taxon was supported by studies utilizing mitochondrial DNA (mtDNA) (Gonder et al., 1997; Gagneux et al., 1999; Gonder et al., 2006; Bjork et al., 2010) , microsatellite loci (Gonder et al., 2011) , autosomal sequence data (Bowden et al., 2012) as well as complete genomes (Prado-Martinez et al., 2013) . Thus, the currently most widely accepted taxonomy of the common chimpanzee splits them into four geographically defined subspecies ( Fig. 1) , separated from each other from west to east by the Dahomey gap, the Sanaga River and the Ubangi River.
However, this classification is not without controversy. Fischer et al. (2006) generally questioned the subspecies concept in Pan troglodytes. Using nuclear nonrepetitive DNA sequences they found an extent of genetic differentiation among subspecies comparable to that seen among human populations. They speculated that a more geographically-informed sampling would reveal a pattern of isolation by distance (IBD) as has been described for within-continental variation in humans (Serre and P€ a€ abo, 2004; Rosenberg et al., 2005; Lao et al., 2008; Tishkoff et al., 2009) . IBD describes the situation in which individuals found closer together are genetically more similar than those further apart, and it arises when the distance an individual may disperse is smaller than the continuous distribution of the organism (Wright, 1943) . To detect such a cline in genetic variation one needs to use samples of known geographic origin sampled according to a pattern that is as little clumped and as widespread as possible. However, most studies that detected clearly separated subspecies of Pan troglodytes used, at least partly, samples with unknown exact origins or rather clustered sampling schemes (Becquet et al., 2007; Bowden et al., 2012; Prado-Martinez et al., 2013) .
Although not challenging the concept of chimpanzee subspecies in general, some authors have suggested that central and eastern chimpanzees do not represent geographically separated subspecies, but might rather form one taxon of equatorial chimpanzees. Specifically, morphological studies found a close dental (Pilbrow, 2006) and cranial (Guy et al., 2003) similarity between P. t. troglodytes and P. t. schweinfurthii. Studies describing the distribution of genetic variation within chimpanzees could potentially evaluate the evolutionary independence Fig. 1 . The map of Africa on the left side indicates the ranges of chimpanzee subspecies (yellow: P. t. verus, green: P. t. ellioti, red: P. t. troglodytes, blue: P. t. schweinfurthii). The zoomed in maps on the right illustrate the region sampled for the present study with blue and red dots depicting sampling locations. The red dots refer to geographically outlying samples that were not assigned to a certain group for calculations of IBD and genetic differentiation (see Methods). National borders are in red, national parks in yellow, rivers in blue and roads in white. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. com.] of these taxa by investigating if monophyletic clades of central and eastern chimpanzees are found. Gagneux et al. (1999) , analyzing mtDNA sequences of 154 eastern and 24 central chimpanzees, found the eastern clade to be nested within the central clade, thereby raising the question if these two subspecies should not be regarded as one clade of equatorial chimpanzees. Later studies including more mtDNA haplotypes again did not find consistent support for monophyly of P. t. troglodytes and P. t. schweinfurthii (Gagneux et al., 2001; Gonder et al., 2006) . In addition, in the study by Gonder et al. (2006) no fixed nucleotide differences distinguishing the haplotypes of central and eastern chimpanzees were detected.
These findings were, however, based on the use of a single genetic locus. A more comprehensive determination of the phylogeographic history of a species might be obtained by use of multiple autosomal loci. Gonder et al. (2011) characterized 94 chimpanzees from all four subspecies at 27 autosomal microsatellite loci. In accordance with their mtDNA results (Gonder et al., 2006) central and eastern chimpanzees were found as one population of equatorial chimpanzees. Even though some structuring into three different subpopulations was visible within equatorial chimpanzees, the genetic differentiation between these was low and insignificant. Thus, they speculated that, until recently, the equatorial chimpanzees displayed a geographical gradient of allele frequencies with ongoing gene flow between groups (Gonder et al., 2011) . Fischer et al. (2011) investigated the genetic variation in chimpanzees and bonobos using DNA sequences from 15 autosomal regions totaling some 1,50,000 base pairs. Central and eastern chimpanzees did not form monophyletic groups for any of the 15 loci.
Multiple studies (Becquet et al., 2007; Fischer et al., 2011; Gonder et al., 2011; Bowden et al., 2012 ) that aimed at determining the genetic structure of chimpanzees have made use of Bayesian based clustering algorithms implemented in software such as STRUCTURE (Pritchard et al., 2000) . This approach has the advantage of not requiring a priori assignment of individuals into delineated populations. However, datasets should be tested for an underlying pattern of IBD before relying on its results, because there is considerable evidence that IBD alone or in combination with a clumped sampling pattern can lead clustering algorithms to overestimate the number of populations. In simulations conducted by Schwartz and McKelvey (2009) , STRUC-TURE correctly inferred the existence of only one population in datasets with gradual genetic variation when the samples were randomly distributed. However, when they modeled a clumped sampling scheme they accordingly detected multiple clusters using STRUCTURE. By using subsamples of an extensive empirical dataset from Rosenberg et al. (2002) , Serre and P€ a€ abo (2004) revealed that in humans, whose genetic variation exhibits typically clinal variation in allele frequencies (Cavalli-Sforza et al., 1994) , clusters are less apparent when the sampling is more evenly distributed geographically (but see also Rosenberg et al., 2005) . Moreover, Frantz et al. (2009) , showed that even with a random sampling pattern all Bayesian programs (including STRUCTURE) detected more than one cluster in datasets that did not contain any genetic discontinuities, but did contain high levels of IBD. Thus, results obtained by STRUCTURE reported in studies that also found IBD or did not test for IBD should be treated with caution.
For the present study noninvasively collected fecal samples of 185 central and published genotypes from 283 eastern chimpanzees of known geographic origin were used. The origins of the individuals were as continuously distributed as was feasible and included central and eastern chimpanzees from their western-and eastern-most range, respectively. We generated genotypes at 12 microsatellite loci and analyzed them by applying multiple methods. We used a Bayesian based clustering algorithm implemented in STRUCTURE as well as assessments of genetic differentiation, including an analysis of IBD, to ask whether our data support a distinction between central and eastern chimpanzees as in the traditional chimpanzee taxonomy or rather if these may be better described as one taxon of equatorial chimpanzees.
METHODS

Study area and sample collection
Fecal samples from wild central chimpanzees were obtained within and near Nouabal e-Ndoki National Park (NP), Odzala NP (both Republic of Congo), and Lob ek e NP (Cameroon) (Fig. 1 ). Samples were collected noninvasively between 1999 and 2013 and stored in RNAlater (samples from Lob ek e) or processed by short term storage in ethanol followed by preservation with silica gel (samples from Odzala and the Nouabal e-Ndoki NP) (Nsubuga et al., 2004) .
DNA extraction, quantification, and amplification
We extracted DNA from fecal samples using the QIAamp Stool kit (QIAGEN) following manufacturer's instructions with slight modifications (Nsubuga et al., 2004) . To estimate the amount of amplifiable DNA in the extracts we used a real-time quantitative PCR with Maxima SYBR V R Green (Thermo Scientific) as Master Mix and c-myc_E3_F1U1 plus c-myc_E3_R1U1 as primers to amplify a portion of the c-myc gene. Standard curves were constructed from serially diluted human genomic DNA (BIO-35025, Bioline). Initially, three independent amplifications from each extract were performed at 12 microsatellite loci (D3s2459, D3s3038, D4s1627, D5s1470, D6s1056, D7s817, D7s2204, D10s676, D11s2002, D12s66, D14s306, D18s536) , using a two-step multiplex PCR (Arandjelovic et al., 2009 ). For sex determination we also amplified a segment of the X-Y homologous amelogenin gene in a one-step PCR (Bradley et al., 2001) .
We also used 30 DNA extracts from chimpanzee fecal samples collected in a similar manner in Loango National Park, Gabon (Boesch et al., 2007) . These extracts were previously genotyped at D3s3038, D5s1470, D6s1056, D10s676, D11s2002, D14s306 and typed for sex (Arandjelovic et al., 2011) . We performed the second step of the two-step multiplex PCR (Arandjelovic et al., 2009 ) to further genotype them at D3s2459, D4s1627, D7s817, D7s2204, D12s66, D18s536.
The ABI PRISM 3100 Genetic Analyzer was used for electrophoresis of the PCR products. The sizes of the alleles relative to an internal size standard were determined using GeneMapper Software version 3.7 (Applied Biosystems). We calculated allelic dropout rates to assess how many observations from independent reactions are necessary to confirm homozygosity . Heterozygous genotypes were always confirmed with 99% certainty by observing each allele two or more times (Taberlet et al., 1996) . For each extract up to six independent reactions were analyzed per locus.
Discrimination of individuals and distinguishing gorilla and chimpanzee samples
We used CERVUS 3.0 (Kalinowski et al., 2007) to calculate P IDsib (Waits et al., 2001) , the probability that samples with matching genotypes come from siblings rather than from the same individual. Matching genotypes were combined into a consensus genotype when the P IDsib was <0.01. In the rare cases where two genotypes matched but the P IDsib was >0.01 the less complete genotype was removed from further analyses.
In the field, fecal samples from gorillas are occasionally mistakenly identified as chimpanzee feces, and vice versa. We therefore checked for incorrectly identified samples by genotyping 10 samples of known gorilla origin at the 12 microsatellite loci typically analyzed in chimpanzees (see above) and performing STRUCTURE analysis of them in combination with the purported chimpanzee samples as in Arandjelovic et al. (2010) . After attributing samples to the correct species, we added those samples to our dataset that were genetically identified as chimpanzees and removed samples that were genetically identified as gorillas.
Data analysis
In addition to the central chimpanzees that were either completely (individuals from Republic of Congo and Cameroon) or partly (individuals from Loango, Gabon) genotyped for the present study, we made use of previously published genotypes of 283 eastern chimpanzees from six communities (Langergraber et al., 2009; Langergraber et al., 2011) (Table 1 and Fig. 2 ). Using CERVUS 3.0 (Kalinowski et al., 2007) we analyzed the dataset consisting of 185 central and 283 eastern chimpanzees to check for the existence of null alleles within four geographically distinct subsets: (i) Loango central chimpanzees, (ii) north-eastern central chimpanzees, (iii) Kibale eastern chimpanzees, and (iv) Budongo eastern chimpanzees. GENEPOP 4.2 (Raymond and Rousset, 1995) was used to perform the exact tests of Guo and Thompson (1992) for deviations from Hardy-Weinberg equilibrium (HWE) as well as the test of composite linkage disequilibrium (LD) (Weir, 1996) within the data subsets. We found null allele frequency estimates >0.1 for D7s2204 within the Budongo and the north-eastern central chimpanzee subsets. We thus tested for HWE within each subset both before and after removal of D7s2204. The Loango, Budongo, and Kibale subsets did not deviate significantly from HWE either before or after removal of D7s2204 (P > 0.05 after Bonferroni correction for multiple tests). The north-eastern central chimpanzee subset, however, was only in HWE after exclusion of D7s2204. Two pairs of loci (D3s3038 1 D10s676 and D6s1056 1 D4s1627) were in LD (P < 0.05 after Bonferroni correction for multiple tests) across all data subsets. True LD, however, can only occur between loci that are at the same chromosome. We thus conducted all downstream analyses excluding D7s2204 and using the remaining eleven loci.
We used STRUCTURE 2.3.3 (Pritchard et al., 2000) to infer subdivision of populations. In STRUCTURE we used the admixture model, correlated allele frequencies, a burn-in period of 100,000 steps and then 500,000 steps of data collection. We varied the number of clusters K Fig. 2 . Location of chimpanzee groups (black dots) between which genetic differentiation was measured. Countries in which these groups can be found are indicated. Cross hatch depicts central and simple hatch depicts eastern chimpanzee range. 1: Loango; 2: Odzala-West; 3: Odzala-East; 4: Lob ek e-West; 5: Lob ek e-East; 6-9: Nouabal e-Ndoki NP groups (A, B1, C, D); 10-12: Kibale communities (Kanyantale, Kanyawara, Ngogo); 13-15: Budongo communities (Busingiro, Kasokwa, Sonso). from one to eight and conducted 10 independent iterations at each K. We present the results of those runs that had the highest estimated logarithm of the probability of the data at each K. We applied different methods to determine the optimum value for K. First, we used Harvester Web v0.6.93 (Earl and vonHoldt, 2011) to calculate DK (Evanno et al., 2005) , a measure of second-order rate of change in the likelihood of K. Second, we looked for the K at which the likelihood distribution began to plateau (Pritchard et al., 2000 ) and third we investigated for which K value K 1 1 no longer refined the clusters (i.e. at K 1 1 the clusters distinguished at K were no longer split according to geography) (Tishkoff et al., 2009) .
To measure the genetic differentiation between different groupings of individuals, a priori delineation of groups is required. For the majority of central chimpanzees we did not know the community to which they belonged. Because chimpanzee communities occupy limited territories, we defined nine groupings of spatially clumped individuals within the central chimpanzees: Loango, Odzala-West, Odzala-East, Lob ek e-West, Lob ek e-East, and four from the Nouabal e Ndoki National Park (A, B1, C, D), excluding seven geographically outlying samples from Odzala and three from Lob ek e. Each grouping represents a geographic grouping which is separated from the other groupings either by distance (Loango, Lob ek e-West, Lob ek e-East) or by watercourses running between them (A, B1, C, D) (Figs. 1 and 2). For the eastern chimpanzees community membership was known and we accordingly considered each of the six eastern chimpanzee communities to represent a distinct group. For each of the central chimpanzee groupings the sizes of their minimum convex polygons (MCPs) were determined using ESRI V R ArcMap TM 9.2. They ranged from 5.1 km 2 (Loango) to 64.7 km 2 (C), which are broadly similar to the estimated territories of known eastern chimpanzee communities with sizes from 7 km 2 at the Sonso community (Newton-Fisher, 2003) up to 35 km 2 at the Ngogo community (Mitani et al., 2010) . A total of 15 chimpanzee groups (nine central and six eastern) were defined (Table 1 and Fig. 2 ). Using Arlequin 3.5. (Excoffier and Lischer, 2010) we calculated the F ST values between all 105 possible pairs of groups and correlated them with the corresponding geographic distances (measured as natural logarithm of distance in meters). For the calculations of the geographic distances, we assessed the positions of the MCP centroids of the central chimpanzee groupings using ESRI V R ArcMap TM 9.2. Regarding the eastern chimpanzee groups we obtained the positions of the MCP centroids for Ngogo and Kanyantale (S. Amsler, personal communication), whereas central points within each territory were used for Busingiro, Sonso, Kasokwa, and Kanyawara (J. Moore, personal communication). We then plotted a regression line and conducted a Mantel test in R (Development Core Team, 2012) and considered its slope significantly positive if there was a less than 5% probability of obtaining a slope greater than the observed one in 10,000 permutations. This allowed us to see if the variation in genetic distance was consistent with a pattern of IBD encompassing both subspecies. If the classification of central and eastern chimpanzees as distinct subspecies reflects long-term, independent evolutionary histories of these two taxa, one predicts that pairwise comparisons between-subspecies should show a higher genetic differentiation than those withinsubspecies. Therefore we investigated if there are within-subspecies pairs of groups that show higher genetic differentiation than between-subspecies pairs of groups. To further elucidate how varying sampling schemes could lead to varying conclusions about the genetic structure of a population and to test whether previous reports of the subdivision of equatorial chimpanzees into central and eastern chimpanzees (e.g., Hill, 1969; Morin et al., 1994; Bjork et al., 2010; PradoMartinez et al., 2013 ) might have been biased by a clumped sampling scheme, we simulated an increasingly clumped sampling and investigated if that leads to a decreasing number of pairs that exhibit a higher genetic differentiation within than between-subspecies. We began by determining genetic differentiation between (i) all nine central chimpanzee and six eastern chimpanzee groups (the least clumped scheme possible with our available data) and then successively decreased the number of included groups to obtain an increasingly clumped pattern: (ii) eight central chimpanzee groups (excluding Loango) and all six eastern chimpanzee groups; (iii) six central chimpanzee groups (excluding Loango, Odzala-West and Odzala-East) and all six eastern chimpanzee groups; (iv) six central chimpanzee groups (excluding Loango, Odzala-West and OdzalaEast) and three eastern chimpanzee groups (excluding the three Budongo communities).
RESULTS
Genotype analysis
We genotyped 278 putative central chimpanzee fecal samples at 12 autosomal microsatellite loci. These samples yielded 242 usable genotypes representing 158 unique individuals. An analysis of these genotypes using STRUCTURE in comparison with known gorilla DNAs typed at the same loci showed that 15 of the purported chimpanzee DNAs were actually from gorillas, leaving a total of 143 different chimpanzees. Field researchers thus correctly identified chimpanzee dung in 227/ 242 5 94% of cases. In a reciprocal analysis of genotypes purportedly from gorillas and typed as part of a complementary study (F€ unfst€ uck et al., 2014) , we found 16 samples were derived from chimpanzees. These 16 samples were secondarily genotyped at microsatellite loci used here. Four samples were identical to already existing genotypes and 12 represented additional individuals. The final dataset therefore contained 155 different central chimpanzee genotypes, which were on average 88% complete (Supporting Information Table 1 ). These 155 individuals consisted of 74 females (F) and 78 males (M) while the sex could not be determined for three individuals. Twenty individuals were from Odzala (13F, 7M), 23 from Lob ek e (10F, 10M, 3 unknown sex), and 112 (51F, 61M) from Nouabal e-Ndoki.
The average DNA concentration of the 225 quantified extracts was 237.4 pg/ml (median: 108.0 pg/ml; SD: 573.4 pg/ml; range: 3.3-6063 pg/ml). Considering results from individual PCRs, allelic dropout rates over all loci were 0.31 for extracts with the lowest DNA amounts (5 pg/ ml), 0.24 for extracts with intermediate DNA amounts (5-10 pg/ml) and 0.04 for extracts with the highest DNA amounts (>10 pg/ml). Thus, four independent observations of homozygosity were needed to confirm homozygous genotypes with 99% certainty in samples with DNA concentrations 5 pg/ml (0.31^4 5 0.009), whereas three independent observations were sufficient for all other extracts (0.24^3 5 0.01 for 5-10 pg/ml and 0.04^3 5 0.00006 for >10 pg/ml).
We also genotyped 30 extracts that were known to originate from different central chimpanzees (Arandjelovic et al., 2011) at six additional autosomal microsatellite loci. These six-loci genotypes were 72.2% complete. However, the genotypes of the other six-loci done by Arandjelovic et al. (2011) were 99.4% complete leading to 85.8% complete genotypes over all 12 loci (Supporting Information Table 1) .
We conducted analyses using STRUCTURE to examine the distribution of individuals into clusters. Different methods of inferring the optimal value of K produced different inferences. The first method (using DK) supported K 5 2, the second one (using the K at which the likelihood distribution begun to plateau) produced ambiguous results but suggested K 5 3 and the third one (using the K at which K11 no longer refined the clusters) found K 5 4. The STRUCTURE results for K 5 2 to K 5 5 are shown (Fig. 3) . At K 5 2 the analysis of 185 central and 283 eastern chimpanzees produced distinct clusters for central and eastern chimpanzees. At K 5 3 the central chimpanzees formed one cluster and the eastern chimpanzees were further subdivided into individuals from Budongo and Kibale, whereas at K 5 4 the central chimpanzees were divided into a Loango and a north-eastern cluster and the eastern chimpanzees were divided into Budongo and Kibale clusters. Finally, at K 5 5, the clusters distinguished at K 5 4 were no longer split. Instead the individuals from the Kibale cluster were admixed and found to have ancestry from two different sources.
Genetic differentiation
While the results of our STRUCTURE analysis seem to indicate that equatorial chimpanzees can be divided into at least two demes that seemingly correspond to central and eastern "subspecies," pairwise comparisons between the 15 groups of both putative subspecies showed that genetic differentiation increased significantly with geographic distance, a pattern suggestive of strong IBD effects (Fig. 4) . The F ST values of pairwise comparisons ranged from slightly negative values, suggesting no differentiation, to 0.1456 between Lob ek eWest and Kasokwa (Table 2 ). The average F ST values between two groups of central chimpanzees, two groups of eastern chimpanzees and a central versus an eastern chimpanzee group were 0.0164, 0.0426 and 0.0802, respectively. When we used all nine central and six eastern chimpanzee groups for calculations of genetic differentiation, we found that 54.90% (28/51) of all withinsubspecies comparisons exhibited higher values of F ST than the least differentiated between-subspecies comparison (Table 2 , Fig. 5 ). When we excluded the geographically outlying Loango central chimpanzee sample from the analysis, this value changed only very little to 55.81% (24/43). To further investigate the effects of increasingly limited sampling, we next excluded OdzalaWest and Odzala-East from the central chimpanzee data, yielding into a proportion of 26.67% (8/30). Finally, by the omission of the three Budongo eastern chimpanzee communities, that value dropped again to just 5.56% (1/18). That is, there is a clear trend that successively omitting more geographically distant populations from our sample results in fewer within-subspecies comparisons exhibiting higher F ST values than the least differentiated between-subspecies pair, therefore reiterating the importance of IBD in explaining the genetic differentiation among central and eastern equatorial populations of chimpanzees.
DISCUSSION
In this study we investigated the population structure of central and eastern chimpanzees by subjecting the microsatellite genotypes of 185 central and 283 eastern chimpanzees of known geographic origin to multiple analyses. First, we applied a Bayesian based clustering algorithm implemented in STRUCTURE. Second, we tested for IBD using correlations between Euclidean and genetic distances. Finally, we compared the genetic differentiation between groups drawn from the same subspecies and between groups drawn from different subspecies. Such use of various methods is highly recommended for attempting to obtain an unbiased, accurate and comprehensive view about the genetic structure of the populations under study (Frantz et al., 2009; Schwartz and McKelvey, 2009; F€ unfst€ uck et al., 2014) .
In STRUCTURE, each method of inferring the optimal value for K suggested different amounts of clusters. Determining DK suggested two populations, consistent with a division of the sample into eastern and central chimpanzees. Contrary to that, the likelihood distribution began to plateau at K 5 3, suggesting one cluster of central chimpanzees and two clusters of eastern chimpanzees. Finally, the clusters distinguished at K 5 4, were no longer split at K 5 5, arguing for four clusters of geographically clumped individuals: (i) central chimpanzees from Loango, (ii) north-eastern central chimpanzees, (iii) eastern chimpanzees from Budongo, and (iv) eastern chimpanzees from Kibale (Fig. 3) . Thus, the analyses conducted in STRUCTURE seem to support the existence of two to four genetic clusters within equatorial chimpanzees. These STRUCTURE results, however, might lead to a wrong or at least biased perception of the population structure within equatorial chimpanzees for several reasons. First, the fact that different methods TABLE 2. Genetic differentiation (measured as F ST ) of pairwise comparisons (below diagonal) and associated levels of significance (above diagonal, with n.s.
5 not significant, *P < 0.05, ** P < 0.01, *** P < 0.001) between nine central and six eastern chimpanzee groups for inferring the exact amount of populations found different solutions, makes it difficult to find definitive answers about the genetic stratification within central and eastern chimpanzees. Second, due to its problems in dealing with clinal genetic variation, the algorithm used by STRUCTURE is prone to overestimate the number of populations when there is an underlying pattern of IBD, especially when the sampling scheme is clumped (Frantz et al., 2009; Schwartz and McKelvey, 2009) . By comparing geographic and genetic distances, we found highly significant evidence for IBD and our STRUCTURE analysis also identified several individuals that had less than 75% ancestry within one cluster meaning that they appeared admixed and not attributable to a single cluster. Such high proportions of admixed individuals are commonly detected by STRUCTURE if the distribution of genetic variation is characterized by a pattern of IBD (Pritchard et al., 2003) . Third, and probably most important, although our sampling was as less clumped as feasible, there were still large geographical gaps between some sampling locations (Fig. 2) . In the clustering solutions that were supported by our STRUCTURE results, the suggested populations consisted of individuals that were geographically clumped together and the geographic distances between samples from different clusters were much larger than those between samples from the same cluster. We thus believe that, even if STRUC-TURE did not overestimate the amount of populations due to IBD, it simply depicts the lack of sampling at geographic gaps between the clusters. That is, the results of STRUCTURE reflect the chosen sampling scheme. It might well be that a geographically more continuous sampling would not reveal clearly distinct genetic clusters within equatorial chimpanzees. In sum, these results suggest that the geographic distance shapes the pattern of genetic variation observed in our sample and those geographic clusters are inconsistently inferred.
To evaluate if another approach suggests a primary division of equatorial chimpanzee genetic variation into two units, we calculated pairwise genetic differentiations between groups from the same subspecies and between groups from different subspecies. If a taxonomical distinction as different subspecies reflects a long period of independent evolution, one would expect that withinsubspecies comparisons exhibit lower estimates of genetic variation than between-subspecies comparisons. Moreover, if the previously reported distinction between central and eastern chimpanzees is real, and not an artifact of clumped sampling, the proportion of withinsubspecies comparisons showing higher genetic differentiation than the least differentiated between-subspecies comparison should be independent of the sampling scheme. Contrary to these predictions we found that a substantial proportion (54.90%) of all within-subspecies comparisons exhibited higher values of F ST than the least differentiated between-subspecies comparison when all groups were included (which represents the least clumped scheme). After stepwise exclusion of groups in order to simulate an increasingly clumped sampling scheme, there was a clear trend of obtaining reduced proportions of within-subspecies comparisons exceeding between-subspecies comparisons with a final value of only 5.56% in the most clumped scheme. Two main conclusions can be inferred from these results. The high proportions found in the least clumped schemes argue for an incomplete division with recent admixture between central and eastern chimpanzees, whereas the second point demonstrates how much a certain sampling pattern affects the resulting estimates of genetic variation and hence also the conclusions drawn from it.
Previous studies that found a clear distinction between central and eastern chimpanzees, although sometimes employing extensive datasets (Becquet et al., 2007; PradoMartinez et al., 2013) , were often relying on samples of unknown exact origin, a small number of analyzed individuals or a combination of both (Gonder et al., 1997; Bjork et al., 2010; Becquet et al., 2007; Prado-Martinez et al., 2013) . In contrast, our study investigates the population structure of central and eastern chimpanzees across large parts of their range by analyzing microsatellite genotypes of spatially explicit and widely distributed samples. Compared with the analysis of mtDNA sequence data, the use of microsatellites has the advantage that the latter are representing selectively neutral multi-locus markers, which are biparentally inherited. We are therefore confident that our results represent a reliable description of the population structure of equatorial chimpanzees. We argue that instead of the traditional taxonomy with two clearly distinct subspecies of central and eastern chimpanzees, the population structure of equatorial chimpanzees might be better described by clinal genetic variation across their range with ongoing gene flow and recent admixture rather than a strong distant split. That leads to an encouraging agreement with other studies on chimpanzee population structure that also did not find evidence for central and eastern chimpanzees constituting clearly separated subspecies (Gagneux et al., 1999 (Gagneux et al., , 2001 Gonder et al., 2006 Gonder et al., , 2011 Fischer et al., 2011) . As our sampling design also allowed us to determine to which extent a clumped sampling can bias the results, we recommend that further studies should aim to obtain spatially explicit samples in a preferably even less clumped sampling pattern. We speculate that analysis of such datasets will demonstrate yet more clearly that equatorial chimpanzees are characterized by IBD and that previously found subdivisions might have been artifacts caused by an incomplete sampling scheme. Likewise to the situation in humans, where traditionally the existence of separate races was proposed, classical primate taxonomists were often obsessed with finding distinct subspecies (Hill, 1969) . In humans, a more continuous sampling revealed a pattern of IBD rather than typological races (Serre and P€ a€ abo, 2004; Lao et al., 2008; Tishkoff et al., 2009 ). Our results indicate that also in other primate taxa an obvious line between distinct subspecies may be difficult to draw.
From a conservation point of view, chimpanzees play an extraordinarily important role, because they are not only the closest living relatives of humans, but also act as a flagship species, umbrella species and environmental indicator species (Wrangham et al., 2008) . Moreover, through their role as seed-dispersers they are important in maintaining an intact forest ecosystem (Balcomb and Chapman, 2003) . Both central and eastern chimpanzees are categorized as endangered by the IUCN (Walsh et al., 2003; Wilson et al., 2009) and their abundance has severely declined over the last decades (Walsh et al., 2003; Hicks et al., 2010; Plumptre et al., 2010) . Our results, indicating a mostly contiguous population of equatorial chimpanzees, might argue for largescale oriented conservation efforts considering central and eastern chimpanzees as one group. However, the range of both subspecies together spans over more than 1500 km from north to south and more than 2000 km from east to west (Fig. 2) . Many chimpanzees live in small populations within fragmented forest patches and the low connectivity between these populations is considered as one of the leading threats to the species existence (Plumptre et al., 2010) . Thus, efforts to maintain and repair the interconnectedness of these fragments and mitigate detrimental impacts such as inbreeding are warranted. Corridor conservation is a relatively new field in equatorial Africa, but given the expansion of natural resource extraction industries in forestry and mining sectors and the development of associated hard infrastructures (Laporte et al., 2007) it will likely be necessary on behalf of conserving chimpanzees in the Congo Basin. The prospects for such strategies remain high given there still persist extensive chimpanzee populations in central and eastern Africa that have as yet to be disturbed by present day anthropogenic impacts (Morgan and Sanz, 2003; Hicks et al., 2014) . Further, Junker et al. (2012) , by relating ape presence information to environmental and human impact factors, predicted that geographical connectivity of patches within the Congo Basin of suitable habitat are promising, especially in the north-eastern part of the Republic of Congo and the eastern parts of the Democratic Republic of Congo. Future efforts integrating the relevance of these findings to conservation of local chimpanzee populations in terms of genetic viability and dispersal would improve prioritization scenarios.
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